conducted, Cahoon (1994) Health, and Natural Resources, 1995). However, these (AP3) (Fig. 1) County, North Carolina, where the present research was
As part of a large-scale water quality analysis of freshand orthophosphate in the outflow relative to the inflow, probably water and estuarine streams in New Hanover County as a result of course fertilization. However, nutrient concentrations (Mallin et al., 1999) , three wet detention ponds, all in the outflow water were low compared with discharges from a within the boundary of the City of Wilmington, were selection of other area golf courses, possibly a result of the outflow analyzed for pollutant removal performance. Sampling passing through a wooded wetland following pond discharge. To was conducted on a pre-set schedule, with no attempt achieve good reduction in a variety of pollutants, wet pond design made to favor either rain events or dry periods. The should include maximizing the contact time of inflowing water with streams entering and exiting the ponds maintained suffirooted vegetation and organic sediments. This can be achieved through a physical pond design that provides a high length to width cient water depth for sample collection year-round.
ratio, and planting of native macrophyte species.
SITE DESCRIPTION
Ann McCrary Pond, located in the Burnt Mill Creek water-W et detention ponds are commonly used as a shed, is a large (8.82 ha) regional wet detention pond approximeans to reduce pollutant levels in urban and mately 700 m in length with a length to width ratio of 4.5 suburban stormwater. In general, these ponds are de- (Table 1 ; Fig. 1 ). It was built in 1990 and primarily drains signed primarily to reduce suspended sediments. For mixed retail and residential land use, including both singlefamily and multiple-family residences. The pond contains two example, in North Carolina the only pollutant removal islands within the basin (Fig. 1) . It was sampled at three locacriterion required is an 85% reduction in suspended tions: at the inflow to the pond (AP1), along shore at midsolids (North Carolina Department of Environment, pond (AP2), and about 40 m downstream of the pond outfall Health, and Natural Resources, 1995) . However, these (AP3) (Fig. 1) way near AP1; during the last year of the study construction alligatorweed, water primrose, and cattail, with lesser amounts of pennywort and pickerelweed (Pontederia cordata L.). efforts were largely completed and the apartments were largely occupied.
The third pond is located on the Echo Farms Country Club, in the Barnard's Creek watershed (Fig. 3) . It was constructed Greenfield Lake is an urban lake that is considered to have severely degraded water quality (Mallin et al., 1999; North about 1970 , and it is also divided into an upper and lower pond by a narrow causeway (Fig. 3) . Pond length is about Carolina Department of Environment, Health, and Natural Resources, 1996) . One of the major pollution mitigation fea-227 m, with a length to width ratio of 10.8. A portion of the golf course drainage enters the pond, which discharges through tures in the Greenfield Lake watershed is an extensive wet detention pond along the Silver Stream branch (Fig. 2) built about 210 m of wooded wetland (Fig. 3) . The headwaters of the pond also accept suburban drainage from a residential in 1991. The total length of the pond is 425 m, and it has a length to width ratio of 17.7 ( Radford et al. (1983) , and Weldon et al. (1973) . at each site using either a YSI (Yellow Springs, OH) 6920 Pond dimensions were measured using aerial photographs.
multiparameter water quality probe (sonde) linked to a YSI The islands in Ann McCrary Pond were excluded from surface 610 display unit, or a Solomat 803PS multiparameter sonde area computations. Average pond width was computed by coupled with a Solomat 803 datalogger (Solomat Neotronics, determining pond width at 50-ft (15.2-m) intervals for Silver Norwalk, CT). Individual probes within the instruments meaStream and Echo Farms Ponds and 100-ft (30.4-m) intervals sured water temperature, pH, dissolved oxygen, turbidity, and for Ann McCrary Pond, and computing averages from these conductivity. The instruments were calibrated prior to each data. Impervious surfaces were measured in Arcview (Envisampling trip to ensure accurate measurements. ronmental Systems Research Institute, 1999) using data layers For chlorophyll a samples, three replicate acid-washed 125-provided by the City of Wilmington and New Hanover County. mL bottles were placed approximately 10 cm below the surImpervious surfaces measured consisted of all concrete, asface, filled, capped, and stored on ice until processing. In the phalt, and gravel areas (excluding state-owned right-of-ways laboratory the triplicate samples were filtered simultaneously and residential parcels) and commercial-industrial building through 1.0-m pore size glass fiber filters using a manifold footprints. A factor of 26% was applied to all residential parwith three funnels. The filters were wrapped individually in cels to estimate impervious surface coverage. A factor of 50% aluminum foil, placed in an airtight container containing dessiwas used to estimate impervious coverage on state-owned cant, and stored in a freezer until analysis. During the analytiright-of-ways. Catchments were delineated using ESRI's Wacal process, the glass filters were extracted in 10 mL of a 90% tershed Delineator (Environmental Systems Research Instiacetone solution for 24 h. Each solution was then analyzed tute, 1998) and a 50-ft Digital Elevation Model developed by for chlorophyll a concentrations using a Turner Model 10-AU the City of Wilmington Stormwater Services.
fluorometer (Turner Designs, Sunnyvale, CA) as described in Welschmeyer (1994) and USEPA (1997) . Fecal coliform
MATERIALS AND METHODS
samples were collected by filling pre-autoclaved containers Sampling was conducted on a monthly basis from October approximately 10 cm below the surface, facing into the stream. Samples were stored on ice until processing (Ͻ6 h). Fecal 1997 through February 2000. Field parameters were measured phosphorus (Table 2) .
We used generated data to test for statistically significant Sediment metals were analyzed from the input (AP1) , 1995) .
port, and the effects of rainfall on the day of sampling and
The Silver Stream wet detention pond achieved a within the 1-and 2-d periods prior to day of sampling were high degree of success in pollutant removal (Table 4) .
compared with inflow and outflow constituent concentrations Statistically significant decreases were realized for speusing correlation analysis. All statistical analyses were conducted using SAS (Schlotzhauer and Littell, 1987) .
cific conductance, fecal coliform bacteria, and all nutrient parameters except for total Kjeldahl nitrogen. Dissolved oxygen and pH significantly increased. Partic-
RESULTS
ularly high reduction occurred for fecal coliform bacteria (86%), ammonium (83%), orthophosphate (77%),
Long-Term Pond Performance
and nitrate (63%). The inorganic N to P ratio increased The performance of Ann McCrary Pond was mixed only slightly during pond passage. Turbidity and sus- (Table 2 ). Specific conductance, turbidity, and fecal colipended solids were generally low entering the pond and form bacterial counts all showed statistically significant did not significantly change. decreases between the inflow and outflow stations, with Sediment metals were analyzed at the input (SS1) fecal coliforms decreasing by approximately 56% overand output (SS2) stations of Silver Stream wet detention all. Dissolved oxygen, pH, and chlorophyll a all showed pond. All sediment metals except mercury were lower 2.4 (2.6) 5.6 (6.2) 5.0 (5.7)* * Significant at the 0.05 probability level. * Significant at the 0.05 probability level. ** Significant at the 0.01 probability level.
** Significant at the 0.01 probability level. concentrations both entering and exiting all three ponds at the pond outfall site than at the input station (Table  were strongly correlated with rainfall occurring the day 5). The decreases in aluminum, chromium, and iron of sample collection (Table 8 ). Turbidity and TSS enterwere statistically significant. While other metal levels ing and exiting the ponds were correlated primarily with were reduced substantially, high variability among the cumulative rainfall for the day of sample plus one day replicate samples for some of the metals (i.e., copper, previous (Table 8) . Nutrient (except for ammonium) lead, nickel, zinc) precluded a statistically significant movement into and out of the ponds was primarily redifference. Regardless, this pond functioned well as a lated to the cumulative rainfall for the day of sample metal removal system. plus the two preceding days (Table 8 ).
Echo Farms Pond differed from the others in that it
The correlation analysis also provided some evidence received direct golf course runoff. No parameters signifithat suspended sediments (and turbidity) serve as carricantly decreased, while specific conductance, pH, amers of phosphorus into (and out of) detention ponds. monium, nitrate, orthophosphate, and total phosphorus
In Ann McCrary Pond, orthophosphate and turbidity all significantly increased (Table 6 ). The inorganic N to entering the pond were correlated (r ϭ 0.401; p ϭ 0.035) P ratio was low entering the pond and increased slightly as were orthophosphate and TSS exiting the pond (r ϭ during passage. 0.472; p ϭ 0.011). In Silver Stream Pond, incoming TSS Sediment metals concentrations were assessed at the was correlated with both orthophosphate (r ϭ 0.834; input and outflow stations of the wet detention pond at p ϭ 0.001) and total phosphorus (r ϭ 0.814; p ϭ 0.001). Echo Farms. The wet detention pond analysis showed Incoming turbidity was correlated with both orthophosthat every metal parameter was greater in the pond phate (r ϭ 0.788; p ϭ 0.001) and total phosphorus (r ϭ outflow than the input stream, but due to high variability 0.725; p ϭ 0.001), and total phosphorus and TSS exiting among the replicate samples none of the differences the pond were positively correlated (r ϭ 0.391; p ϭ was statistically significant ( Table 7 ). All of the outflow 0.036). In Echo Farms Pond turbidity entering the pond area metal levels were below concentrations considered was correlated with orthophosphate entering the pond harmful to aquatic life (Long et al., 1995) .
(r ϭ 0.788; p ϭ 0.001), and turbidity and orthophosphate exiting the pond were weakly correlated (r ϭ 0.383;
Effect of Rainfall on Pollutant Constituents
r ϭ 0.040). Rainfall during the 24 h preceding pond sampling did have some effect on constituent levels. Fecal coliform improvement, sediment metals showed declines between inflow and outflow areas. We suspect that this * Significant at the 0.05 probability level. ** Significant at the 0.01 probability level.
DISCUSSION
high degree of pollutant removal was a result of two the urban stormwater pond discharges. We suspect that, in addition to contact with pond vegetation, passage of † RAIN24, rainfall occurring day of sample collection; RAIN48, rainfall day of sample plus the previous 24 h; RAIN72, rainfall day of sample plus the outflow water through the wooded wetland followthe previous 48 h; FC, fecal coliform counts; NIT, nitrate concentration; ing discharge from the pond was an important factor AMM, ammonium; TN, total nitrogen; OP, orthophosphate; TURB, turbidity; TSS, total suspended solids.
in mitigating the effect of course fertilization, through uptake, adsorption, and denitrification. We also note that a significant portion of the drainage area was undemajor factors: large areal coverage by a diverse aquatic veloped, as well, which probably contributed to less plant community, and a design in which most inputs pollutant loading to the pond (Table 1) . occurred at the upper end of the system (Fig. 2) . This
The effect of rainfall on pollutant constituents was allowed for more contact time for plant and sediment variable. Fecal coliform bacteria appeared to be most uptake of pollutants as the water passed throughout the amenable to immediate movement into and out of the length of the pond.
ponds, as this parameter was strongly related to rainfall Ann McCrary Pond also had extensive vegetation on the day of sample collection. Fecal coliform pollution coverage (although not as diverse a community) yet was is primarily a surface runoff issue in urbanized envimuch less effective in removing nutrients. Pond input ronments, with animal waste deposited on or near imlocations probably were a major factor causing this difpervious surfaces leading to bacterial runoff problems ference. Besides the upper inflow, Ann McCrary Pond (Young and Thackston, 1999; Mallin et al., 2000) . The has major inflows near the middle of the pond and concentrations of turbidity and suspended sediments near the outfall itself (Fig. 1) . Thus, some inputs from were influenced by rainfall, but in a more cumulative suburban drainages are short-circuited and do not get manner than with fecal coliform bacteria. Nutrient the benefit of full pond passage, reducing pollutant removement was most affected by cumulative rainfall over moval efficacy. The increase in sediment metals downstream of the pond is perplexing. It is possible that some a 3-d period; perhaps some of this effect was due to recommend planting to achieve extensive coverage of
